INTRODUCTION
Amphiphilic water-soluble polymers can assume unique structures in aqueous solutions such as gels, flower micelles, core-shell type micelles, etc 1 . These polymers have been employed in a wide variety of industrial products, including cosmetics, food, paints, electronic and medical materials. In the cosmetic field, they are used as thickeners, water retention agents, texture improvers, and polymer emulsifiers, providing high functionality to cosmetic products 1 7 . In particular, amphiphilic polymers can be very useful in enhancing the moisturizing function of aqueous substrates such as lotions or gels, since it is generally not possible to add oils to such products. In addition, aqueous substrates are usually prepared by simple mixing without heating, which is a cost-effective and environmentally friendly process. However, aqueous substrates are general-ly inferior to the emulsion-type substrates widely used in cosmetics, in terms of not only function such as moisture protection capability but also feel softness and smoothness . Both the function and feel are greatly affected by the physical properties of the corresponding cosmetic film formed on the skin. Several reports in the literature have focused on the structure 8 10 and evaluation 11, 12 of cosmetic films. The characterization of cosmetic films produced by emulsion-type substrates has also been reported 13 16 . In these studies, the authors found that an oil-in-water O/W emulsion-type substrate based on polyglycerol fatty acid esters formed a cosmetic film, which mitigates the amount of water lost by transpiration from the emulsion film. The cosmetic film consisted of emulsion oil droplets, forming a sea-island structure. We assumed that this sea-island structure impart a good feel to the skin owing to the uniform dispersion of the oil droplets within the continuous water phase as well as the freshness exerted by the water phase. Therefore, we assumed that the cosmetic film formed by amphiphilic polymer aggregates dispersed in an aqueous phase could also provide a similar feel and freshness.
In our current study, we employed methoxy polyethylene glycol-23 methacrylate/glyceryl diisostearate methacrylate copolymer abbreviated as MPM-GDM as the amphiphilic copolymer sample. We reported that MPM-GDM can form micellar aggregates in aqueous solutions and impart a soft feel because of the presence of the isostearic acid derivative 17 . Hereafter, we demonstrated the formation of a phase-separated cosmetic film through the evaporation of aqueous MPM-GDM systems mixed with xanthan gum. We aimed to improve the moisture protection capability of the cosmetic film as a result of gel formation due to the xanthan gum, which can retain a large amount of moisture components in the sea part i.e., the continuous phase . It is well known that the xanthan gum forms a gel within moisture components, such as water and glycerin. We controlled the surface morphology in via two strategies: i by changing the solvent composition in the film, and ii by modifying the ratio of MPM-GDM and xanthan gum.
EXPERIMENTAL

Materials
The amphiphilic random copolymer MPM-GDM was provided by NOF Co. The chemical structure of MPM-GDM is shown in Fig. 1 . The average molecular weight of the copolymer sample was 6.35 10 4 , while the weight ratio between the hydrophilic PEG and hydrophobic diisostearyl units was set at 7:3. Xanthan gum was purchased from DSP Gokyo Food & Chemical Co. Methanol, ethanol, and 2-propanol were purchased from Wako Pure Chemical Industries, Ltd. 1,3-Butylene glycol 1,3-BG was purchased from Daicel Co. 1,4-Butylene glycol 1,4-BG and ethylene glycol were acquired from Tokyo Chemical Industry Co. Glycerin was purchased from Emery Oleochemicals. The water used in this study was deionized using a Millipore Direct-Q UV 5
water purification system equipped with a reverse osmosis membrane.
Preparation of mixtures
2.2.1 Two/three-component mixtures MPM-GDM and each solvent water, methanol, ethanol, 2-propanol, 1-butanol, ethylene glycol, 1,3-BG, 1,4-BG, and glycerin were mixed in a glass test tube using a vortex mixer for several seconds. Spatula mixing was also employed for highly viscous samples. Then, the mixtures were allowed to stand for 2-7 days at 40 , and finally cooled to room temperature.
Four/five-component mixtures
Xanthan gum and each solvent 1,3-BG and glycerin were mixed in a glass test tube using a spatula at room temperature. Then, MPM-GDM was added to the corresponding mixture. The mixture was heated above 40 and further stirred using a spatula. Water was added, and the mixture was stirred using a magnetic stirrer for several hours. These mixtures were eventually cooled to room temperature. In these samples, the weight ratio of MPM-GDM:xanthan gum was set at either 1:0.05 or 1:0.01. The total amount of each solvent except for water was constant in this study, while the weight fraction was changed.
Measurements
Differential scanning calorimetry DSC
The melting point of MPM-GDM was measured using an SII Nanotechnology DSC6100 system. Thus, 10 mg of the sample was weighted and placed in an aluminum pan. α-Alumina powder was used as reference material. The measurement temperature range was set from 30 to 80 , while the heating rate was 2 K min 1 .
Viscoelasticity
Viscoelasticity measurements were performed using a TA Instruments AR-G2 rheometer with a cone-plate geometry cone angle 2 , diameter 40 mm at 20 . The oscillation stress was controlled in the 1-5000 Pa range.
Confocal laser scanning microscopy CLSM
In order to confirm the location of the MPM-GDM phase within the cosmetic film, we used a fluorescence-labeled 4-N-chloroformylmethyl-N-methylamino -7-nitro-2,1,3-benzoxadiazole MPM-GDM sample abbreviated as FL-MPM-GDM . The fluorescence labeled sample was added to the aqueous solution prepared according to the procedure mentioned in section 2.2.2. The weight ratio of FL-MPM-GDM against the non-fluorescence-labeled MPM-GDM was set to 1/2000. Several droplets of the mixture were dropped on a slide glass, and water was evaporated for 1 day at 40 . Finally, the film samples were cooled to room temperature. The surface morphology of the films was observed under oil immersion using a Zeiss LSM510 CLSM. Blue light wavelength 488 nm was irradiated through the samples using an Ar ion laser, and the broadband fluorescence imaging was performed at wavelengths beyond 505 nm.
RESULTS AND DISCUSSION
3.1 Visual appearance of two-component mixtures MPM-GDM/solvent Table 1 shows the solubility results of MPM-GDM in each solvent. In these experiments, the composition of each MPM-GDM:solvent mixture was set at 1:1 in weight ratio. MPM-GDM was soluble in water and formed a transparent gel. MPM-GDM was also soluble in methanol, ethanol, and 2-propanol. Phase separation was observed in ethylene glycol, 1,3-BG, and 1,4-BG owing to the precipitation of the solvated polymer sample at the bottom of the sample tube. A phase separation was similarly observed in glycerin, but in this case the polymer phase moved to the surface. This indicates that the solubility of MPM-GDM decreases with an increasing number of OH groups in the solvent molecule. In order to visualize the phase separation of MPM-GDM from a continuous phase, we selected glycerin as the poorest solvent. In addition, 1,3-BG was chosen for enhancing the dispersion capability of MPM-GDM in the solvent, which allowed for control of the MPM-GDM domain shape. Figure 2 shows the visual appearance of a MPM-GDM/1,3-BG and b MPM-GDM/glycerin as a function of the MPM-GDM concentration. In the mixture consisting of MPM-GDM and 1,3-BG, the increased MPM-GDM concentration resulted in an increased amount of precipitated or sedimented MPM-GDM as well as a decreased turbidity of the upper phase, both at 25 and 40 . The decreased turbidity of the upper phase may reflect a decrease in the amount of dispersed MPM-GDM due to its flocculation. Our DSC measurements demonstrated that the melting point of MPM-GDM was ca. 35 in the absence of solvents. This led to the transparent liquid-liquid phase separation observed at 40 . Similarly, a two-phase separation was observed in the mixed system composed of MPM-GDM and glycerin. In this case, however, MPM-GDM appeared as the upper phase due to its smaller specific gravity compared with glycerin. It is important to note that the phase separation was observed to be clearer for the glycerin mixture than for the 1,3-BG mixture, suggesting that 1,3-BG is a relatively good solvent for MPM-GDM.
Characteristics of three-component mixtures MPM-
GDM /1,3-BG or glycerin/water In this work, we prepared mixtures consisting of MPM-GDM/1,3-BG or glycerin /water. These ternary mixtures yielded homogeneous transparent solutions, and their viscoelastic properties were largely dependent on their composition. In order to assess the evaporation process for preparing the cosmetic film, we performed viscoelasticity measurements of these ternary mixtures. Figure 3 shows the storage modulus G as a function of the weight fraction of a 1,3-BG and b glycerin. G was found to decrease with increasing weight fractions of 1,3-BG or glycerin. As mentioned earlier, MPM-GDM forms a gel in water. The decrease in G with increasing the 1,3-BG or glycerin fractions reflects the disruption of the gel structure as a result of the dehydration of MPM-GDM. This phenomenon may also occur when the ternary mixtures are evaporated i.e., the 1,3-BG or glycerin fraction gradually increases during the water evaporation , leading to the dehydration and phase separation of MPM-GDM in the cosmetic film.
Surface morphologies of four-component lms MPM-
GDM/xanthan gum/1,3-BG/glycerin It is generally recognized that a sea-island structure can be formed through the film evaporation method, but its regularity is largely dependent on the solvent composition.
Spinodal decomposition and nucleation-growth process are two popular methods for preparing sea-island structures 18 20 , and the regularity is usually better for the former case. In spinodal decomposition, a homogeneous liquid phase undergoes phase separation via the change in the miscibility of the domain phase against the continuous phase, as a result of changes in the solvent composition. In our case, water was added to the four-component mixture i.e., MPM-GDM, xanthan gum, 1,3-BG, and glycerin in order to obtain a homogeneous solution. The compositions used were MPM-GDM 2 wt , xanthan gum 0.1 or 0.02 wt , 1,3-BG glycerin 10 or 20 wt , respectively, and the rest was water. The weight ratio of 1,3-BG/glycerin varied. While 1,3-BG was a good solvent for MPM-GDM, glycerin was a poor solvent; hence the mixing of the two solvents enabled us to change the miscibility of MPM-GDM with the mixed solvents and control the surface morphology of the corresponding cosmetic film. These fivecomponent mixtures were observed to be transparent and We prepared the cosmetic film by dropping the mixtures onto a slide glass, followed by subsequent water evaporation at 40 . Finally, the dried samples were stored at 25 for 1-2 h. Since each film was completely dried, the remaining film consisted of MPM-GDM, xanthan gum, 1,3-BG, and glycerin. Figure 4 shows the CLSM images of the cosmetic films. The film compositions are given in the triangle figure.
It is important to note that the 1,3-BG and glycerin composition changes in a -f at a fixed total weight percent, whereas the amount of MPM-GDM and xanthan gum increases in g when compared with that in b . We employed the fluorescence-labeled MPM-GDM sample to perform the CLSM measurements; thus, the MPM-GDM phase is localized in the green area in these images.
In the absence of glycerin a , MPM-GDM was spread in the whole film, although several defects can also observed in this image. The addition of glycerin led to a significant change in the film morphology. The sea-island structure can be seen where the MPM-GDM domains are dispersed in the film b-f . A spherical island-like structure was observed in b-e , where the size of the spherical objects i.e., MPM-GDM domains decreased with increasing glycerin concentrations b-d , although it increased in e . It seems likely that the phase separation occurred via the spinodal decomposition when considering the good regularity. These characteristic morphologies have been similarly observed for n-alkyl fatty acids/perfluoropolyether 21 , polystyrene/poly methylmethacrylate 22 26 , and deuterated polys t y r e n e / p o l y i s o p r e n e 27 d e r i v a t i v e s . T h e s u r f a c e morphologies of these systems are dependent on several factors including the interfacial or line tension of the two phases, electrostatic repulsive force within the domains, viscosity of the two liquid phases, solubility of the polymer in the solvents, nature of the substrate, etc. In our system, the surface morphology of the cosmetic film changed with the weight ratio of 1,3-BG and glycerin. We wish to emphasize one more that 1,3-BG is a good solvent, whereas glycerin is a poor solvent for MPM-GDM. This indicates that the miscibility of MPM-GDM into a mixture of 1,3-BG and glycerin decreases with increasing glycerin concentrations. This might lead to an increased interfacial tension of MPM-GDM against the mixed solvent, contributing to an increased MPM-GDM domain size in the cosmetic film. The increased glycerin concentration also results in an increased viscosity of the mixed solvent; the viscosity of glycerin is ca. 640 mPa s, whereas that of 1,3-BG is ca. 90 mPa s. This consequently reduces the possibility of MPM-GDM to grow into a large domain during evaporation, which is an opposite contribution to that of the increased interfacial tension. The addition of xanthan gum may also led to increased viscosity of the mixed solvents. However, we expect that when considering the solubility of the xanthan gum in the solvents, this effect would be much smaller than the viscosity change as a function of the 1,3-BG/glycerin solvent composition. Therefore, it can be suggested that the domain size observed in Fig. 4 is determined by the combination of two factors; one is the interfacial tension of the MPM-GDM/solvent mixtures, and the other is the viscosity of the continuous phase. This explanation is schematically shown in Fig. 5 for better clarity. It was noted that the increased total concentration of MPM-GDM and xanthan gum Fig. 4 g resulted in a linkage between the domains, probably due to the high polymer concentration in the rich 1,3-BG composition good solvent . Finally, we examined the effect of the MPM-GDM/ xanthan gum weight ratio on the domain size. Figure 6 shows the CLSM results obtained at a reduced MPM-GDM/ xanthan gum weight ratio. The weight fraction of MPM-GDM:xanthan gum was 1:0.01, while the 1,3-BG/glycerin weight ratios were the same in Fig. 4 b and d . The seaisland structure could be observed even at low xanthan gum compositions, while the MPM-GDM domain size was much larger than that observed at high xanthan gum compositions Fig. 4 b and d . It should be noted that the solubility of MPM-GDM in the solvents was not affected by the presence of the xanthan gum, since it was not substantially dissolved in 1,3-BG. Therefore, it can be concluded that the observed difference in the domain size presumably resulted from a lower viscosity of the continuous phase, leading to the coalescence between domains.
The MPM-GDM domain shape and size could be controlled by changing the miscibility of MPM-GDM in the mixed solvent. The control of the phase-separated structure is an important goal in material design, since the physical properties are largely dependent on the structure. These studies are useful in view of industrial applications such as the production of rubber, plastics, electronic materials, etc 28 . To the best of our knowledge, this is the first report describing the preparation of a cosmetic film through polymer phase separation.
CONCLUSIONS
We have investigated the surface morphology of a cosmetic film consisting of an amphiphilic random copolymer MPM-GDM and solvents. 1,3-BG was found to be a good solvent for this copolymer, whereas glycerin was a poor solvent. The cosmetic film was prepared through the evaporation of water from a five-component aqueous homogeneous solution MPM-GDM/xanthan gum/1,3-BG/glycerin/ water . The CLSM images of the cosmetic film showed that the surface morphology was largely dependent on the solvent composition. MPM-GDM was spread through the whole film in the absence of glycerin, whereas the addition of glycerin to 1,3-BG led to the formation of a sea-island structure. We suggested that the MPM-GDM domain size was determined by the balance between two factors, i.e., the interfacial tension of MPM-GDM against the solvents and the viscosity of the continuous phase. In addition, the morphology was affected by both the copolymer and xanthan gum concentrations. Control of the surface morphology by changing the solubility of MPM-GDM is expected to be useful for improving the functionality and feel of cosmetic films.
